Sustained contractile activity of skeletal muscle promotes angiogenesis, as well as transformation of contractile protein isoforms and mitochondrial proliferation within myofibers. Since the products of immediate early genes such as c-fos, c-jun, and egr-1 function in many signaling pathways governing cellular responses to external stimuli, we sought to determine whether sustained contractile activity induces their expression in skeletal muscle. Low voltage electrical stimulation was applied to the motor nerve innervating rabbit tibialis anterior muscles for periods ranging from 45 min to 21 d. Northern and Western analysis demonstrated marked but transient inductions of c-fos, c-jun, and egr-1 mRNA and protein within the first 24 h. Longer durations of stimulation were associated with a secondary and sustained rise in the abundance of c-fos, c-jun, and p88' protein that, surprisingly, was not accompanied by detectable changes in mRNA. Immunohistochemistry demonstrated c-fos immunoreactivity within myofiber and vascular cell nuclei during both early and late phases of this response. These findings reveal a complex pattern of c-fos, c-jun, and egr-1 expression in response to nerve stimulation and suggest that these proteins could function in regulatory pathways that modify muscle phenotype. (J. Clin. Invest. 1994. 94:277-285.)
Introduction
Contractile activity is a major determinant of the morphology and functional capabilities of skeletal muscle ( 1, 2) . The consequences of physical inactivity contribute to morbidity associated with many human diseases (3) and, conversely, habitual exercise promotes salutary effects, some of which are attributable to adaptive responses of skeletal muscle (4) . In previous studies (5-11) we have explored molecular mechanisms that control features of the adaptive responses of skeletal muscle to sustained contractile activity, but the potential contributions of immediate early genes to these processes have not been examined.
Chronic electrical stimulation of the rabbit tibialis anterior (TA)' muscle via the motor nerve causes transformation of skeletal myofibers from a fast-glycolytic to a slow-oxidative phenotype and stimulates capillary proliferation (12, 13) . In response to this stimulus, genes encoding proteins involved in oxidative metabolism are induced while those encoding glycolytic enzymes are downregulated (5, 7, 10) . These effects are followed, in turn, by a switch to expression of slow/cardiac isoforms of proteins of the contractile apparatus (14). Morphologically, the fractional volume of mitochondria within myofibers is increased up to 10-fold, and an angiogenic response augments capillary density to a similar extent (12, 15) . The physiological consequences of these adaptations render the muscle resistant to fatigue during sustained contractile work. Qualitatively similar, but lesser, effects on mitochondrial content and capillary density of skeletal muscles can be produced by endurance exercise training ( 1, 2) , though the profound transformation of contractile protein isoforms produced by nerve stimulation is usually not observed. The signaling pathways responsible for these pleiotropic adaptations are, however, poorly understood. Intracellular messengers such as cyclic AMP and calcium, and peptide signaling molecules such as basic fibroblast growth factor are increased in skeletal muscle following the onset of continuous nerve stimulation (8, 9, (12) (13) (14) (15) (16) (17) , but the events that transduce signals arising within contracting muscles to the relevant genes are unknown. Based on their important role in controlling a wide variety of cellular responses to external and internal stimuli, we reasoned that products of immediate early genes such as c-fos, c-jun and egr-J were likely to be involved as third messengers in one or more of the adaptive responses induced by neural activity and contractile work in skeletal muscle.
The proto-oncogene products c-fos and c-jun form dimers through leucine zipper domains to bind AP-1 sites within certain promoters (18, 19) . The egr-J gene encodes a single mRNA which is translated into two proteins p88el-and p82egr-l. The larger form results from translational initiation at an ACG site upstream of the canonical AUG site but is otherwise identical to p82e-'. Both forms are detected in cells following treatment with phorbol ester though p88egr-4 is found in lower abundance relative to p82egv- (20, 21, 22) . c-fos and c-jun play an important role in many cell lineages to modulate cellular growth and differentiation during development, and in response to physiological stimuli (18, 23) . The egr-J gene is activated during differentiation of nerve and bone cells (24, 25) and appears to be required for differentiation of myeloid precursor cells to macrophages (26) . Immediate early genes also are implicated in the hypertrophic response of cardiac myocytes to pressure overload (27, 28) and in cellular responses to acidosis, ATP depletion, and oxidative stress (29) (30) (31) .
We observed in this study that c-fos, c-jun, and egr-1 mRNA and proteins are transiently induced in skeletal muscle within the first 24 h after the onset of continuous motor nerve stimulation. Elevated levels of c-fos immunoreactivity were present in both myofibers and vascular cells of the stimulated muscle. With more prolonged stimulation up to 21 d, which is necessary to induce the mitochondrial biogenesis, fiber-type transformation, and angiogenesis that constitute the major adaptive responses to this stimulus, we observed a second induction of c-fos, c-jun, and p88ev4-protein. Late accumulation of c-fos immunoreactivity was also present within nuclei of both myofibers and vascular cells. In contrast to the acute and transient induction observed during the first day, however, the subsequent increase in c-fos, c-jun, and p88egl-' protein was sustained over several weeks, and was unaccompanied by detectable levels of mRNAs encoding these proteins by Northern analysis. These results implicate immediate early genes in signal transduction pathways triggered by neural activity and resulting in angiogenesis and fiber-type transformation in skeletal muscle. In addition, these data suggest the existence of previously unrecognized posttranscriptional controls on expression of immediate early genes during responses to physiological inputs.
Methods
Animal surgery and preparation. Adult New Zealand white rabbits weighing 2.2-3.5 kg were anesthetized by isoflurane inhalation. Under sterile conditions, pulse generators were implanted and their electrodes placed adjacent to the common peroneal nerve of one hindlimb according to the procedure described originally by Salmons tion of, and correction for, background signal levels. Arbitrary Units (Arb units, after 4 h of electrical stimulation of the motor nerve (Fig. 1, A and C). This response abated quickly, however, and steadystate concentrations of these transcripts returned to baseline levels within 12-24 h. c-jun mRNA was detected earlier (2 h) after initiation of nerve activity and peaked later (8 h) (Fig. 1  B) . Like c-fos, egr-I and c-jun mRNA levels returned to control levels by 24 h. In contrast to these results, steady state concentrations of jun-D mRNA, a related proto-oncogene product, were not increased by motor nerve stimulation (data not shown). Ethidium bromide stains of gels before capillary transfer (not shown), and reprobing of blots for 28S RNA or GAPDH mRNA confirmed the integrity of each of these RNA samples and documented equivalent loading of each lane in gels used for Northern analysis. Similar results were obtained from three separate sets of rabbits. The early, transient induction ofmRNA encoding immediate early genes is accompanied by a similarly transient accumulation of c-fos, c-jun, and p88egr-J proteins. Western analysis of soluble proteins isolated from whole muscle showed increased levels of immunoreactive proteins for all three transcription factors in response to nerve stimulation (Fig. 2) . Antibodies directed against c-fos, c-jun, and p88eeg-1 identified single major bands of the appropriate molecular sizes. The c-jun antibody also detected several fainter bands which did not change in intensity over the time course presented. Similar nonspecific bands have been seen by other researchers using Western analysis to detect c-jun antigen (41). Data presented in Fig. 2 were obtained from the same muscles from which RNA was extracted to produce results shown in Fig. 1 . Thus, the accumulation of these proteins followed in parallel to changes in mRNA abundance. These results were reproducible in three different sets of rabbits.
Longer durations of nerve stimulation promote sustained elevations in c-fos, c-jun, and p88egr-J protein in the absence of detectable mRNA transcripts. As shown in studies conducted previously in our laboratory (5) (6) (7) (8) (9) (10) (11) and by others (14, 42), the major effects of continuous nerve stimulation on biochemical and morphological characteristics of skeletal muscle require several days to become evident and are not provoked within the time period in which we have observed acute but transient induction of immediate early gene expression. We extended these analyses, therefore, to longer durations of nerve stimulation (7-21 d) that are sufficient to induce the major phenotypic alterations characteristic of this model. In muscles stimulated for 7-21 d (n = 3-5 at each time point), immunoblots demonstrated a progressive and sustained increase in the abundance of c-fos, c-jun, or p88 egr-I proteins over this period (Fig. 2) . In contrast to the first 24 h, however, we detected no significant accumulation of c-fos, c-jun, or egr-1 mRNA at these later time points. Fig. 3 shows a representative Northern hybridization using the egr-I cDNA probe. Total RNA from muscle stimulated for 4 h served as a positive control. Results of mRNA and protein measurements at early and late time points in the response to nerve stimulation are summa- rized in Table I . Changes in citrate synthase activity provide a convenient biochemical marker for mitochondrial biogenesis in these muscles, and also progressed in our present experiments between 7 and 21 d of motor nerve stimulation (Table I) , as we have observed previously (5, 7, 10 the absence of specific antibody. Only occasional weak c-fos immunoreactivity was observed within vascular cell or myofiber nuclei in sections of unstimulated muscle, even after incubation with DAB for prolonged periods (> 20 min). Sections from muscle stimulated for 12 h, however, demonstrated strong c-fos immunoreactivity within nuclei of both myofibers and vascular cells after only 1-2 min of DAB incubation (Fig. 5) . Similar results were observed after 21 d of nerve stimulation, with strong nuclear staining within myofibers and blood vessels, as well as within proliferating capillary endothelial cells between myofibers (compare to the distribution of CD-31 antigen in Fig. 4 ).
Discussion
Immediate early genes are involved in signal transduction pathways that mediate cellular responses to external stimuli in many cell types. The induction of these genes by peptide growth factors that govern entry into the cell cycle and their role in proliferative growth of cells has received the most attention (18, 43) , but immediate early genes also are implicated in differentiation events and physiological responses to hormones, neurotransmitters, other paracrine factors, or physical stresses (23) (24) (25) (29) (30) (31) . In the mammalian heart, for example, immediate early genes are activated by pressure overload, mechanical stretch, or peptide factors (angiotensin II or endothelin-l) that result in hypertrophic rather than proliferative growth of cardiac myocytes (27, 28) . Maneuvers that block induction of immediate early genes can suppress the hypertrophic response in cell culture models (44) . A potential role for products of immediate early genes in activity-dependent remodeling events in skeletal muscle has not, however, been investigated previously in a systematic manner. Phenotypic alterations in skeletal muscle that result from changes in contractile activity are a fundamental determinant of the enhanced endurance performance that results from exercise training (1, 2) , and of the deleterious effects of prolonged bed rest or microgravity during space flight (45) . In addition, activity-dependent changes in skeletal muscle have important pathophysiologic consequences in the natural history of several human disease states, including congestive heart failure and diabetes mellitus. Unlike the effects of pressure overload on cardiac muscle, tonic contractile activity of skeletal muscle does not lead to hypertrophy, but provokes a remodeling response char- Table I .
acterized by increased capillary density and mitochondrial proliferation within myofibers ( 1, 2) . Chronic motor nerve stimulation of the tibialis anterior muscle in the rabbit provides a wellcharacterized experimental system for modeling these responses and for exploring their underlying mechanisms (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) 42 ). Qualitatively, the major remodeling events that result from endurance training in human or laboratory animals are recapitulated in this rabbit model. The effects on angiogenesis, mitochondrial proliferation, and fiber composition in this model are, however, quantitatively larger and occur in a more rapid and reproducible manner than in exercise training studies, and neural stimulation of one limb permits muscle from the contralateral limb to be used as a control. We chose this model, therefore, for analysis of activity-dependent changes in immediate early gene expression in skeletal muscle. The major finding of this study is that skeletal muscle responds to continuous motor nerve activity with a significant, coordinated and biphasic induction of protein products of the immediate early genes c-fos, c-jun, and egr-J. As illustrated schematically in Fig. 6 , an initial transient induction, characterized by large accumulations of mRNA within 4-8 h and peak protein levels by 12 h, is seen during the first day after the initiation of stimulation. A later accumulation of these proteins follows, and is progressive and sustained, at least through 21 d. This secondary, sustained induction of products of immediate early genes occurs in parallel to the period of most rapid change in biochemical or histological markers of the major adaptive events that alter muscle phenotype. Both the acute and sustained phases of this response are evident within myofiber nuclei of the stimulated muscles as well as within nuclei of surrounding cells of the microvasculature. The underlying mechanisms of the early transient response differ from those of the later sustained response, in that the early induction appears to result primarily from transcriptional activation of these genes, while the later sustained response is dependent on translational or posttranslational mechanisms.
Several features of these activity-dependent responses of immediate early genes in skeletal muscle are distinctive, by comparison to previous studies of these genes in other cell types. When quiescent fibroblasts in culture are exposed to peptide growth factors, c-fos mRNA accumulation is detectable within 15-30 min and returns to baseline within several hours (23) . In contracting skeletal muscle, however, several hours are required before accumulation of c-fos or egr-1 mRNA or protein is observed, even though severe perturbations of metabolites within the myofibers can be detected within minutes of the onset of nerve stimulation (46, 47 also important to note that neither significant degeneration of myofibers nor inflammatory infiltrates were evident in chronically stimulated muscles that exhibited upregulation of immediate early genes. Thus, unlike in vivo models of hypoxic injury to brain or liver (49), increased expression of immediate early genes in our model is not occurring in irreversibly injured cells.
Two other features of the late, sustained elevation in c-fos protein in chronically stimulated skeletal muscles are of special interest. First, sustained elevation in nuclear c-fos immunoreactivity was present in both myofibers and vascular cells within the stimulated muscles. The significance of this finding is that this sustained response is present not only in cell types (vascular endothelium) undergoing proliferative growth in this model, but in postmitotic myofibers undergoing remodeling in the absence of proliferative growth. Second, in contrast to the acute, transient induction of immediate early genes noted in the first 24 h after the onset of nerve stimulation, the sustained accumulation of c-fos protein observed between 14 and 21 d in this model was unaccompanied by a detectable accumulation of steadystate c-fos mRNA. Rigorous positive controls support the validity of this unexpected finding. Perhaps more sensitive methods such as RNAse protection assays would demonstrate increased abundance of IEG mRNAs during this period by comparison to baseline levels, but such induction, if present, is clearly of a lesser magnitude than that observed during the early response to nerve stimulation. Significant upregulation of the abundance of protein products of immediately early genes without detect-able concomitant mRNA transcript accumulation has not been described in earlier studies, and suggests the existence of translational or posttranslational controls that have not been previously recognized.
In conclusion, our data demonstrate that the immediate early genes c-fos, c-jun, and egr-J are induced in rabbit skeletal muscles subjected to chronic nerve stimulation. Increased accumulation of products of immediate early genes was evident within both myofibers and vascular cells and exhibited two phases: an early, transient induction of both mRNA and protein; and a late, sustained elevation of immunoreactive protein in the absence of detectable accumulation of mRNA. These data suggest a potential role for products of immediate early genes in the angiogenic response and in the remodeling of myofibers that are induced by neural activity in this model. In addition, these findings expand the repertoire of physiological stimuli that lead to up-regulation of immediate early gene expression and suggest the existence of novel mechanisms by which these important proteins are regulated.
